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Introduction {#sec001}
============

Petrochemical sludge is generated during petrochemical wastewater treatment in the petrochemical plants. It is mainly composed of waste oil, decomposable organics, polycyclic aromatic hydrocarbons (PAHs), pathogens, and mineral particles \[[@pone.0136162.ref001]--[@pone.0136162.ref002]\]. Consequently, improper treatment of this type of sludge may lead to accumulation of PAHs and pathogens along the food chain and may present potential threats to animal and human health. Therefore, better petrochemical sludge processing and utilization approaches should be explored.

Anaerobic digestion is usually used for the treatment of the municipal waste activated sludge. This treatment reduces the solid content, degrades organic pollutions, eliminates pathogenic microorganisms, and produces biogas, which can be used as a renewable energy. However, the concentrations of waste oil or PAHs in sludge may strongly inhibit the growth of anaerobic microorganisms and thus causing substantial delays in anaerobic digestion processes \[[@pone.0136162.ref003]--[@pone.0136162.ref004]\]. Consequently, the relevant researches about petrochemical sludge anaerobic digestion were very limited until now. On the other hand, the hydrolysis process is identified as the rate-limiting step in the process of producing methane because carbohydrates, proteins, and lipids, as well as soluble inert materials, are wrapped in sludge flocs structure and microbial cell walls, resulting in the difficult release of organic matters \[[@pone.0136162.ref005]--[@pone.0136162.ref006]\]. For this reason, to enhance the hydrolysis rate and the digestion performance, various pretreatment methods, such as mechanical \[[@pone.0136162.ref006]\], chemical \[[@pone.0136162.ref007]--[@pone.0136162.ref008]\], thermal \[[@pone.0136162.ref009]\], and enzymatic \[[@pone.0136162.ref010]\], have been applied to enhance the sludge solublization efficiency and subsequent improve anaerobic digestion performance based on different mechanisms. However, based on literature search, limited information could be found regarding the impact of different pretreatments on petrochemical sludge.

In addition, petrochemical sludge is usually treated as hazardous materials in many countries for its composition of waste oil and high concentration of PAHs. Therefore, improving the dewaterability of petrochemical sludge is very important to reducing sludge bulk and improving its handling properties. Extracellular polymeric substances (EPS) are believed to play an important role in the dewaterability of sludges \[[@pone.0136162.ref011]--[@pone.0136162.ref014]\]. Indeed, Houghton et al. \[[@pone.0136162.ref014]\] proposed that the decrease of sludge EPS content could make the sludge dewater more easily. Meanwhile, Yu et al. \[[@pone.0136162.ref015]\] and Neyens et al. \[[@pone.0136162.ref016]\] found that the composition and properties of EPS are more important in governing sludge dewaterability. The distribution and composition of sludge EPS would substantially change after sludge treated by different pretreatment methods \[[@pone.0136162.ref016]--[@pone.0136162.ref017]\], and then the sludge EPS would also change during the anaerobic digestion \[[@pone.0136162.ref018]\]. By contrast, limited information is available on the relationship between the variation of EPS and sludge dewaterability during petrochemical sludge anaerobic digestion with different pretreatments. Knowledge on the fate of PAHs during petrochemical sludge anaerobic digestion with different pretreatments is also poor.

Therefore, the objectives of the present study are to (1) evaluate the impact of different pretreatments on the improvement of solid reduction and biogas production; (2) elucidate the relationship between the content and composition of sludge EPS and sludge dewaterability during the petrochemical sludge anaerobic digestion process; and (3) investigate the biodegradation efficiency of the PAHs of petrochemical sludge during anaerobic digestion by different pretreatments.

Materials and Methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

No specific permits were required for the described field studies and no specific permissions were required for these locations. The location is not privately-owned or protected in any way.

Sludge sample and its characteristics {#sec004}
-------------------------------------

Petrochemical sludge was collected from the Yangzi petrochemical wastewater treatment plant and stored in a cold room at 4°C until use. The pH of wastewater sludge was measured immediately while solid content was measured by oven drying at 105°C. Dried sludge samples were analyzed for volatile solid (VS), total N, total P, as well as total concentrations of selected metals according to the standard methods \[[@pone.0136162.ref019]\]. [Table 1](#pone.0136162.t001){ref-type="table"} shows the selected physicochemical properties of the sludge.

10.1371/journal.pone.0136162.t001

###### Physicochemical characteristics of petrochemical sludge (Values are on dry weight basis).

![](pone.0136162.t001){#pone.0136162.t001g}

  Parameters                          Value
  ----------------------------------- ------------
  pH                                  7.28±0.02
  Total solid (%)                     2.28±0.02
   Volatile solids (VS) content (%)   31.67±0.11
  Total P (%)                         0.50±0.03
  Total N (%)                         6.04±0.01
  Zn (mg/kg)                          392±11
  Cu (mg/kg)                          10.6±1.2
  Cr (mg/kg)                          9±0.26

Pretreatment {#sec005}
------------

Ultrasound and thermal methods were selected as the sludge pretreatment methods in this study. Ultrasonication pretreatment was performed using a Sartorius Labsonic-P Brandlab-scale sonicator, and petrochemical sludge was pretreated by ultrasound at 20 kHz and 480 W for 20 min \[[@pone.0136162.ref015]\]. Thermal pretreatment was conducted at temperature 130°C for 20 min in an autoclave \[[@pone.0136162.ref020]\]. After pretreatment, all treated sludge samples were stored at 4°C before anaerobic digestion.

Anaerobic digestion {#sec006}
-------------------

A batch of anaerobic digestion experiments were conducted using anaerobic flasks with a working volume of 0.5 L. Three different treatments were set in this study, namely, ultrasonication-pretreated petrochemical sludge, thermal-pretreated petrochemical sludge, and fresh sludge (control), which were mixed with inoculated sludge at a volume ratio of 9:1 and then placed into the conical flasks, and no extra mineral and organic nutrient was added into the petrochemical sludge anaerobic digestion system. The inoculated sludge was collected from the anaerobic reactor of the Yangzi petrochemical wastewater treatment plant, with total solid content of 2.15% and volatile solids content of 30.2%. Oxygen in the conical flasks was removed by nitrogen gas sparging for 120 s, and then the flasks were capped with rubber stoppers and placed in an incubator (SPX-25013-D, China) at (38±1)°C. Gas sampling bags were used to collect the gas produced in each reactor. During the anaerobic digestion process, each conical flasks was shaken manually six times per day for 5 min to prevent the sludge from settling. During incubation, samples for chemical analysis were withdrawn at different digestion times.

Analysis methods {#sec007}
----------------

The pH, total solid (TS), and volatile solid (VS) were measured according to the standard methods \[[@pone.0136162.ref019]\], and VS content is the percentage relative to the total solids. The dewaterability of sludge was measured as capillary suction time (CST) by using a capillary suction timer (Model 304M, Triton, Britain). Biogas production was analyzed by drainage method, and the methane content in the biogas samples was analyzed using a gas chromatograph (HP7890) equipped with thermal conductivity detector and PLOT-Q column (30 m-0.53 mm-15 l m). Helium was used as the carrier gas.

Sludge EPS was investigated using the ultrasonication-centrifugation method as described in detail previously \[[@pone.0136162.ref013]\]. The 0.45 μm acetate cellulose membranes and the dialysis membranes of MWCO of 3500 Da (Shanghai Sangon Biotechnology, China) were used to remove the particulates and low-molecular-weight metabolites in the slime, LB-EPS, and TB-EPS solutions before chemical analysis \[[@pone.0136162.ref013],[@pone.0136162.ref021]\]. Protein content was measured by using the method proposed by Lowry et al. \[[@pone.0136162.ref022]\], and albumin was used as a standard solution \[[@pone.0136162.ref023]\]. Polysaccharide content in the EPS solution was measured by the anthrone method \[[@pone.0136162.ref024]\]. PN/PS was the content ratio of protein to polysaccharide. The total EPS was the sum of each layer of the sludge.

The procedure used to extract PAHs from the petrochemical sludge samples was according to Gao et al. \[[@pone.0136162.ref025]\]. Prior to use, all methods were tested for the efficiency of recovery. For PAHs amended sludge, recovery averaged 94% (n = 5, RSD less than 2.5%; RSD, relative standard deviation) for PAHs. The petrochemical sludge from the anaerobic digesters were carefully collected and freeze-dried, homogenized, and then passed through a 20-mesh standard sieve. Sample preparation included homogeneous mixing of 1 g of dried sludge sample with anhydrous Na~2~SO~4~ to remove moisture and ultrasonication in 10 mL dichloromethane for 1 h, followed by centrifugation. Then, 3 mL of supernatant was filtered through 2 g of silica gel column with 11 mL 1:1 (v/v) elution of hexane and dichloromethane. The solvent fractions were then evaporated and exchanged by methanol with a final volume of 2 mL, and then were analyzed with a high performance liquid chromatography (HPLC) fitted with a 4.6 x 150 mm reverse phase C18 column using methyl cyanide-water (4:6) as the mobile phase at a flow rate of 1.0 mL min^-1^, and were detected at 254 nm. Chromatography was performed at 30°C. All treatments were done in triplicate unless otherwise mentioned specifically.

Statistical analysis {#sec008}
--------------------

The data presented in the results section are the mean and standard deviation of triplicate samples collected and analyzed. The data were analyzed with SPSS (SPSS 20.0 for Windows). All of the figures presented include the standard deviations of the data and were drawn with Origin 8.5 software.

Results and Discussion {#sec009}
======================

Biogas property of petrochemical sludge during anaerobic digestion {#sec010}
------------------------------------------------------------------

The cumulative biogas production of the petrochemical sludge with different pretreatments during anaerobic digestion is shown in [Fig 1](#pone.0136162.g001){ref-type="fig"}. The cumulative biogas productions were 1466, 366 and 296 mL in the thermal pretreatment, ultrasound pretreatment, and the control system, respectively. The total biogas production volume in the thermal pretreatment system was 4 and 5 times higher than those in the ultrasound pretreatment and in the control system. Meanwhile, along with fermentation, biogas production of the three different treatments increased gradually and almost achieved their peaks in the first 12 days. No significant increase was observed after this period. The methane content in biogas is increased gradually, and the proportion of methane was remained constant and with values between 30%-50% for different condition. For thermal pretreatment system, the maximum methane content was 49.89%, while maximum methane content was just 30.23% for the control and ultrasound pretreatment system. Pretreatment can reportedly make more intracellular organic matter (protein, polysaccharide, etc.) release to the liquid phase of sludge and increase the SCOD \[[@pone.0136162.ref026]\], and then improve the hydrolysis rate of sludge anaerobic digestion. However, the methane content in biogas is lower than other reports \[[@pone.0136162.ref009],[@pone.0136162.ref020]\], the reasons may be due to the differences in raw material. The pH is an important factor that influences the performance of anaerobic digestion, and the optimum pH range for effective decomposition of organic matter during anaerobic digestion is 6.3--7.8 \[[@pone.0136162.ref026]\]. The methanogenic activity will be inhibited at a pH less than 6.3 and higher than 7.8. The pH in the three treatments were all between 6.3 and 7.8, indicating healthy conditions inside the digester. A good amount of methanogenic activity was expected. A slight decrease in pH was noted among the three different treatments in the first 5 days, after which a slow increased was observed, suggesting that volatile fatty acids were produced as substrates for biogas production.

![Cumulative biogas production of the petrochemical sludge during the anaerobic digestion.](pone.0136162.g001){#pone.0136162.g001}

VS reduction during petrochemical sludge anaerobic digestion using different pretreatment processes {#sec011}
---------------------------------------------------------------------------------------------------

VS reduction is usually used to evaluate the reactor performance and stability of the digestate \[[@pone.0136162.ref006]\]. The variation of VS removal efficiency is presented in [Fig 2](#pone.0136162.g002){ref-type="fig"}. The overall performance of VS reduction efficiency increased with the sludge retention time. The VS removal efficiencies reached 28%, 15%, and 8% in the thermal pretreatment, ultrasound pretreatment, and the control system after anaerobic digestion, respectively. The highest performance was found in the thermal pretreatment system. It has been reported that thermal treatments could help break down the sludge microbial cells and facilitate the decomposition reaction, and make more intracellular organic matter (protein, polysaccharide, etc.) release to the liquid phase of sludge and increase the SCOD \[[@pone.0136162.ref026]\], and then lead to the biodegradation of more organic compounds in the digester \[[@pone.0136162.ref009]\]. Meanwhile, Guo et al. \[[@pone.0136162.ref020]\] showed that VS removal efficiency was reached 50% in the anaerobic co-digestion of thermal pre-treated municipal biowaste system, and more than 60% VS removal efficiency was achieved in the dairy waste activated sludge anaerobic digestion system reported by Rani et al. \[[@pone.0136162.ref026]\]. The differences of the VS removal efficiency may be due to the differences in raw materials.

![VS removal efficiency of different treatment during anaerobic digestion.](pone.0136162.g002){#pone.0136162.g002}

Variation of sludge dewaterability during petrochemical sludge anaerobic digestion {#sec012}
----------------------------------------------------------------------------------

Sludge CST is a widely used means of gauging sludge dewaterability \[[@pone.0136162.ref025]--[@pone.0136162.ref026]\]. It was found from the [Fig 3](#pone.0136162.g003){ref-type="fig"} that sludge CST increased to 398.7 and 123.1 s after thermal and ultrasound pretreatment, which was more than that of the control (88.9 s). The increment of sludge CST after pretreatment may be due to the change of EPS distribution in the sludge \[[@pone.0136162.ref013],[@pone.0136162.ref027],[@pone.0136162.ref028]\]. Sludge CST gradually increased in the control system and then exhibited a slight decrease at the end of anaerobic digestion, indicating that the dewaterability of sludge improved slightly after anaerobic digestion. In the thermal pretreatment system, sludge CST was shortened from 398.7 s to 142.5 s in 4 days, and then gradually increased. The dewaterability of sludge in the ultrasound pretreatment system was similar to that of the thermal pretreatment system, as shown by the sludge CST in the ultrasound system that decreased from 123.1 s to only 75.1 s in the first 4 days, and then gradually increased to 113.1 s at the end of the anaerobic digestion process. These results indicated that the dewaterability of sludge was improved by the anaerobic digestion process, and exhibited a little deterioration with the prolonged anaerobic digestion time.

![Changes of sludge CST during the petrochemical sludge anaerobic digestion.](pone.0136162.g003){#pone.0136162.g003}

Pearson correlation analyses between sludge CST and protein, polysaccharide, and PN/PS in every layer of sludge flocs {#sec013}
---------------------------------------------------------------------------------------------------------------------

EPS is regarded as the key factor in regulating sludge dewaterability \[[@pone.0136162.ref011]--[@pone.0136162.ref012]\]. Thus, the sludge dewaterability during anaerobic digestion may result from the variation of sludge EPS \[[@pone.0136162.ref018],[@pone.0136162.ref029]\]. While their respective contribution on the sludge dewaterability enhancement was still unclear. Therefore, pearson correlation analysis between sludge CST and the content of protein, polysaccharide, and PN/PS ratio in each layer of sludge was applied here to analyze their respective contribution on the sludge dewaterability, and results are shown in [Table 2](#pone.0136162.t002){ref-type="table"}. Findings indicated that sludge CST was correlated with protein content (R = 0.74653, p = 0.00139) and polysaccharide content (R = 0.7691, p = 0.0008) in the slime-EPS of sludge flocs, whereas it had no correlation with PN/PS (R = 0.06436, p = 0.8975) in the slime layer. Protein and polysaccharide contents in the control slowly increased in the anaerobic digestion process, while the amount of protein in slime sharply decreased in the first 4 days, and then fluctuated within the range of 2--4 mg/g SS. Meanwhile, polysaccharide content in the slime of ultrasound and thermal pretreatment systems decreased during the whole anaerobic digestion ([S1 Fig](#pone.0136162.s001){ref-type="supplementary-material"}). Thus, it can be concluded that protein and polysaccharide in slime layer had an important role in the sludge dewaterability, and the increase of protein and polysaccharide content would lead to the deterioration of sludge dewaterability. On the contrary, the decrease of protein content in the slime layer would improve the dewaterability of sludge. And this phenomenon was also found in the bioleaching system as described by Zhou et al. \[[@pone.0136162.ref013]\].

10.1371/journal.pone.0136162.t002

###### Pearson correlations between sludge CST and the content of protein (a), polysaccharide (b) and PN/PS (c) from Slime, LB, TB, Slime+LB+TB layer of sludge in the sludge anaerobic digestion systems.
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  Parameters   Protein                       polysaccharide               PN/PS
  ------------ ----------------------------- ---------------------------- -------------------------------
  Slime        R = 0.74653, p = 0.0014 (+)   R = 0.7691,P = 0.0008 (×)    R = 0.06436, p = 0.8975 (×)
  LB-EPS       R = 0.90257, p\<0.0001 (+)    R = 0.86941, p\<0.0001 (+)   R = -0.08364 p = 0.76697 (×)
  TB-EPS       R = 0.89491, p\<0.0001 (+)    R = 0.4374, p = 0.1030 (×)   R = 0.20773, p = 0.45754(×)
  Total EPS    R = 0.91116, p\<0.0001 (+)    R = 0.93916, p\<0.0001 (+)   R = -0.15012, p = 0.59333 (×)

\+ Positive correlation; × no correlation

Similar results were also found in the LB-EPS, and it was found that sludge CST was also correlated with the content of protein (R = 0.90257, p\<0.0001) and polysaccharide (R = 0.86941, p\<0.0001) in the LB-EPS layer. Results in [S2 Fig](#pone.0136162.s002){ref-type="supplementary-material"} showed that protein and polysaccharide contents in the LB-EPS of the three different treatments all decreased initially and then gradually increased. Therefore, the decrease of protein and polysaccharide contents LB-EPS were responsible for sludge dewaterability enhancement in the anaerobic digestion. In the TB-EPS layer, sludge CST was correlated with the content of protein (R = 0.89491, p\<0.0001) but had no correlation with polysaccharide (R = 0.4374, p = 0.103) and PN/PS (R = 0.20773, p = 0.45754). Changes in the chemical compositions of TB-EPS during sludge anaerobic digestion were presented in [S3 Fig](#pone.0136162.s003){ref-type="supplementary-material"}. Protein and polysaccharide contents in TB-EPS gradually decreased in all these systems, and then increased slowly during the anaerobic digestion. Therefore, the increase of protein in the TB-EPS layer would lead to the deterioration of sludge dewaterability. Sludge CST was correlated with protein content (R = 0.91116, p\<0.0001) and polysaccharide content (R = 0.93916, p\<0.0001) of the total EPS, whereas it had no correlation with PN/PS (R = -0.15012, p = 0.59333) of the total EPS. It can be seen that the total protein and polysaccharide contents were increased to 3.44 and 2.13 mg/g SS after ultrasound pretreatment, and the total protein and polysaccharide contents increased to 19.36 and 8.80 mg/g SS after thermal pretreatment pretreatment ([S4 Fig](#pone.0136162.s004){ref-type="supplementary-material"}). Obviously, the pretreatments enhanced the petrochemical sludge solubilization, and then increased the likelihood of the degradation of the sludge. The total protein and polysaccharide contents in all the sludge layers gradually decreased in all these systems in the first 4 days, and then increased slowly during the anaerobic digestion. An analysis of the stratification in this study showed that the decrease of protein and polysaccharide contents in the slime, LB, and Slime+LB+TB layers, and the decreases of protein content in TB-EPS were responsible for sludge dewaterability enhancement in the anaerobic digestion system. Neyens et al. \[[@pone.0136162.ref016]\] concluded that the advanced methods could degrade proteins and polysaccharides of sludge EPS, and then reduce their water retention properties thereby releasing the EPS-bound water and increasing the dewatering efficiency of sludge. Results in this study was similar with Neyens et al. \[[@pone.0136162.ref016]\].

PAHs biodegradation efficiency during petrochemical sludge anaerobic digestion {#sec014}
------------------------------------------------------------------------------

PAHs pollution is a limiting factor in the subsequent treatment of petrochemical sludge, so elucidating the variation of PAHs during the sludge anaerobic digestion is important. The contents of PAHs during the anaerobic digestion with different pretreatments are shown in Figs [4](#pone.0136162.g004){ref-type="fig"}, [5](#pone.0136162.g005){ref-type="fig"} and [6](#pone.0136162.g006){ref-type="fig"}. The contents of phenanthrene, paranaphthalene, fluoranthene, benzofluoranthene, and benzopyrene were 4.4678, 1.775, 12.632, 18.876, and 18.644 mg/kg TS in the original petrochemical sludge. The content of PAHs in the petrochemical sludge decreased during the anaerobic digestion. It was found that phenanthrene, paranaphthalene, fluoranthene, benzofluoranthene, and benzopyrene contents were 2.532, 1.126, 8.7655, 10.765, and 10.863 mg/Kg TS at the end of 20 days of anaerobic digestion in the thermal pretreatment system. The removal rates in the thermal pretreatment system reached 43.3%, 55.5%, 30.6%, 42.9%, and 41.7%, repectively, which were much higher than those in the ultrasound pretreatment (28.5%, 25.9%, 16.0%, 22.0%, 18.5%) and the control system (24.2%, 25.5%, 6.58%, 15.4%, 16.4%). This observation proves that pretreatment not only helps improve biogas production, but also increases the removal rate of PAHs. It has been reported increase in PAHs biodegradation is caused by either transfer of PAHs from sorption sites with low desorption rates to those with high ones or transformation of slow-sorption sites into fast-sorption ones through thermal pretreatment \[[@pone.0136162.ref030]\]. In addition, pretreatment could help break down the sludge microbial cells and facilitate the decomposition reaction, and make more intracellular organic matter (protein, polysaccharide, etc.) release to the liquid phase of sludge ([S1](#pone.0136162.s001){ref-type="supplementary-material"}--[S4](#pone.0136162.s004){ref-type="supplementary-material"} Figs) and increase the SCOD, and the SCOD maybe as cometabolism substrate for the biodegradation of more PAHs in the digester \[[@pone.0136162.ref031]--[@pone.0136162.ref032]\]. This phenomenon was also found in other studies \[[@pone.0136162.ref033]--[@pone.0136162.ref035]\]. Bernal-Martinez et al. \[[@pone.0136162.ref033]--[@pone.0136162.ref034]\] found that the PAH removal rate was about 20%-70%, and ozonation pre-treatment could led to the enhancement of PAH biodegradability through the enhancement of bioavailability, and Barret et al. \[[@pone.0136162.ref035]\] found that the total removal rate of low molecular weight PAHs reached 25%. However, a large amount of PAHs still remain in the sludge after anaerobic digestion. To enhance the mass transfer, and thus, PAH removals, various operating conditions, such as increasing the temperature and adding surfactant or methanol, need to be tested in future studies \[[@pone.0136162.ref036]\].

![Variation of the content of PAHs during petrochemical sludge anaerobic digestion in the control system.](pone.0136162.g004){#pone.0136162.g004}

![Variation of the content of PAHs during petrochemical sludge anaerobic digestion in the ultrasound pretreatment system.](pone.0136162.g005){#pone.0136162.g005}

![Variation of the content of PAHs during petrochemical sludge anaerobic digestion in the thermal pretreatment system.](pone.0136162.g006){#pone.0136162.g006}

Conclusion {#sec015}
==========

The total biogas production volume in thermal pretreatment system was 4 and 5 times higher than those in ultrasound pretreatment and the control system. The corresponding VS removal efficiencies reached to 28.1%, 15.1%, and 8.02%. Phenanthrene, paranaphthalene, fluoranthene, benzofluoranthene and benzopyrene removal rates were 43.3%, 55.5%, 30.6%, 42.9%, and 41.7% in thermal pretreatment system. The decrease of protein and polysaccharide in the sludge could improve sludge dewaterability during petrochemical sludge anaerobic digestion. These findings indicated that thermal pretreatment might be a promising enhancement method for the degradation of PAHs, biogas production, and improvement of dewaterability during petrochemical sludge anaerobic digestion.
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